Most of the simian virus 40 (SV40) genome is conserved among isolates, but the noncoding regulatory region and the genomic region encoding the large T-antigen C terminus (T-ag-C) may exhibit considerable variation. We demonstrate here that SV40 isolates differ in their oncogenic potentials in Syrian golden hamsters. Experimental animals were inoculated intraperitoneally with 10 7 PFU of parental or recombinant SV40 viruses and were observed for 12 months to identify genetic determinants of oncogenicity. The viral regulatory region was found to exert a statistically significant influence on tumor incidence, whereas the T-ag-C played a minor role. Viruses with a single enhancer (1E) were more oncogenic than those with a two-enhancer (2E) structure. Rearrangements in the 1E viral regulatory region were detected in 4 of 60 (6.7%) tumors. Viral loads in tumors varied, with a median of 5.4 SV40 genome copies per cell. Infectious SV40 was rescued from 15 of 37 (40%) cell lines established from tumors. Most hamsters with tumors and many without tumors produced antibodies to T antigen. All viruses displayed similar transforming frequencies in vitro, suggesting that differences in oncogenic potential in vivo were due to host responses to viral infection. This study shows that SV40 strains differ in their biological properties, suggests that SV40 replicates to some level in hamsters, and indicates that the outcome of an SV40 infection may depend on the viral strain present.
Simian virus 40 (SV40) is a member of the family Polyomaviridae and is known for its ability to induce malignancies in the Syrian golden hamster (Mesocricetus auratus) model (9-11, 16, 20, 32) . SV40 was discovered as an inadvertent contaminant of early forms of poliovirus and adenovirus vaccines (9, 46) that were prepared in primary cultures of kidney cells from rhesus monkeys, which are often naturally infected with the virus (9, 43, 51) . Since its discovery, SV40 has been an important model for studies of virus-induced cancers and of viral effects on eukaryotic cell processes (1, 5) . SV40 has been found to cause human infections and to be associated with some human malignancies (9, 21, 52) .
Phylogenetic analysis has recently established that strains of SV40 exist and can be grouped into clades or genogroups (18) . Strains are identified by nucleotide differences at the C terminus of the large tumor antigen (T-ag) gene (T-ag-C) that result in amino acid changes in the protein. The SV40 large T-ag protein is essential for viral replication and is the major viral oncoprotein (1, 9, 32) . Strains of SV40 can diverge in the structures of their noncoding regulatory regions (9, 23, 26, 45) , generating what are termed variants. SV40 variants containing a partial or complete duplication of the 72-bp enhancer element or other sequence rearrangements are designated as having complex regulatory regions, and those with one enhancer are designated as having a simple or archetypal regulatory region structure (23, 26) . It has been demonstrated that increased numbers of enhancer elements in the regulatory region of SV40 enhance the replication of the virus in cell cultures (26, 29) . However, any potential contribution of the structure of the SV40 regulatory region to viral pathogenesis in vivo is unknown.
As multiple strains and variants of SV40 appear to be present in humans (7, 27, 30, 31, 36, 45) , it is important to understand their potential range of biologic properties. The paradigm of viral strain effects on disease development is exemplified by human papillomaviruses, as only a limited number of strains, termed high-risk types, are able to cause human cancer (4, 56) . This report describes the oncogenic properties of different SV40 strains and variants in the hamster model as well as a detailed characterization of tumors induced by those viruses. We discovered an influence of the viral regulatory region on SV40 pathogenesis in vivo that is not evident in transformation assays in vitro. parental viruses have been described previously (23, 24, 29, 44, 45) . T-ag-C recombinant viruses were constructed using backbones from parental strains 776(2E) and SVCPC. The cloning strategy consisted of excising part of the early region from strains 776(2E) and SVCPC using restriction enzymes BstXI and BamHI and replacing that fragment with the corresponding fragment from SVCPC, SVPML-1, VA45-54, Baylor, and 776 strains to create the recombinant viruses. The small t-ag coding sequence in a recombinant was that of the viral regulatory region strain. Each construct was sequenced across the joints to confirm that recombination events had not induced mutations; the regulatory and T-ag-C regions were also sequenced. The infectivity of each recombinant construct was confirmed by transfecting plasmid DNA into TC-7 cells (an AGMK cell line) using the transfection reagent Effectene (Qiagen). Cells were harvested by freezing and thawing when cytopathic effects were widespread. Viral stocks of SV40 strains and recombinant viruses were prepared in TC-7 cells, and virus titers were quantitated by plaque assay in the same cells (8) .
Induction of tumors in hamsters. Following aseptic techniques (50), 21-dayold male and female animals were injected by the intraperitoneal (i.p.) route with 1.0 ϫ 10 7 PFU of virus in 0.5 ml. Control animal groups of the same age and sex included one group inoculated with 0.5 ml of uninfected TC-7 cell lysates and another group that was not inoculated. Animals were observed three times weekly and were sacrificed when there was evidence of neoplasia or debility or at 12 months postinoculation (p.i.) at the termination of the experiment. Euthanasia was done via isoflurane overdose and exsanguination by cardiac puncture. Necropsy included gross examination and collection of organs and neoplasms. Tissues were fixed in 10% neutral buffered formalin or zinc formalin, trimmed and processed into paraffin blocks, sectioned at 5 m, and stained with hematoxylin and eosin. Tumor morphology was characterized by microscopic evaluation without knowledge of the virus group.
Tumor cell lines. Tumor samples were removed aseptically from hamsters at the time of necropsy; cells were dissociated using trypsin and were cultured using Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. When cultures reached confluence, cells were subcultured using trypsin and the same medium.
Virus rescue. Flasks containing tumor cell lines between passages 1 and 10 were incubated until cell detachment (10 to 21 days after seeding), at which time the cultures were harvested by freeze-thaw cycles, and the cell lysates were clarified by low-speed centrifugation. The lysates were analyzed directly by plaque assay or were inoculated into TC-7 cell cultures and incubated for up to 12 days before harvest and plaque assay.
DNA extraction and PCR analysis of SV40 DNA. Small pieces of tumor samples were minced and processed by overnight incubation at 55°C with proteinase K (Roche Diagnostics) and nucleus lysate solution (Promega). Protein was removed, and DNA was precipitated by isopropanol, resuspended in Tris-EDTA buffer (pH 8.0), and stored at Ϫ20°C. Real-time quantitative PCR assays were used to determine the viral genome content in tumor cells (33) using the hamster vimentin gene to normalize viral gene copy numbers to cell numbers (N. Patel et al., unpublished data). Primer sets RA1/RA2, RA3/RA4 (for regulatory region), and TA1/TA2 (for T-ag-C region) were used in conventional PCR to amplify SV40 DNA from tumors and virus stocks (25) . Direct sequence analysis of PCR products and alignment of sequences with that of the original inoculated virus revealed any mutations and/or genome rearrangements. Viral transformation. Confluent primary mouse embryo fibroblasts were infected with SV40 at a multiplicity of infection of 10 PFU/cell. Virus was allowed to adsorb for 2 h at 37°C, the inoculum was then washed off, medium containing 10% fetal bovine serum was added, and incubation continued at 37°C. Twenty to 24 h p.i., the cells were trypsinized, and 5 ϫ 10 4 cells were seeded into 60-mm 2 plates; four to seven replicate plates per sample were prepared. Cell culture medium was changed every 3 to 4 days. At 3 and 6 weeks p.i., replicate cultures were washed, fixed with 10% formalin, and stained with hematoxylin. The numbers of transformed foci were counted and normalized to foci per 10 6 cells. SV40 antibody responses. Experimental animals were tested for the development of antibodies against virus-specific proteins. Antibodies against SV40 T-ag were detected by indirect immunofluorescence using T-ag-expressing transformed cells; the antibody titer was the highest serum dilution that gave a detectable T-ag reaction (50) . SV40-neutralizing antibodies were detected using a plaque reduction test (8) . Serum samples were screened at a final serum dilution of 1:10, and titers were determined for sera that reduced the number of plaques by Ͼ50% in repeat experiments.
Statistics. Continuous data are presented as the median and range, and categorical data are presented as proportions. The standard two-sample t test was used to test differences between medians, while differences in proportions were tested using the Z test of proportions. Significance was defined as a P value of Ͻ0.05.
RESULTS
Tumor induction in hamsters by SV40. Groups of 21-dayold Syrian golden hamsters were inoculated i.p. with 1.0 ϫ 10 7 PFU of SV40 parental isolates or recombinant viruses. Parental isolates included the following: (i) 776, the historical reference strain of SV40, isolated from an adenovirus type 1 vaccine seed stock (48) (18, 34) (variants with simple and complex regulatory regions were tested); (iii) 777, with a simple regulatory region, isolated from an inactivated polio vaccine (18); (iv) SVCPC, a strain with a simple regulatory region isolated and detected in several human malignant specimens (22, 27, 53) and in an oral polio vaccine seed stock from the former Soviet Union (14) ; (v) VA45-54, with a complex regulatory region [VA45-54(2E)], originally isolated from monkey kidney cells (20) and detected in a human malignant specimen (28) and in the polio vaccine seed stock from the former Soviet Union; and (vi) SVPML, with a complex regulatory region, recovered from a human patient with progressive multifocal leukoencephalopathy (54) . Recombinant viruses were constructed to examine the effects of regulatory region structures and of unique T-ag-C regions from different SV40 isolates on tumor induction in the absence of other differences among the b Some animals of the SVCPC and VA45-54 groups were described previously (50). viral genomes. The backbone viruses for these constructs were strains 776 with the complex regulatory region [776(2E)] and SVCPC with a simple regulatory region structure. The T-ag C-terminal coding regions of natural isolates SVCPC, 776, Baylor, VA45-54, and SVPML were moved onto the two viral backgrounds. The constructs were viable and replicated well in monkey kidney cells.
A total of 307 hamsters were inoculated with virus, and 187 animals served as controls (Table 1) . Tumors developed only among animals exposed to SV40 and not in the control groups (84/307 [27%] versus 0/187 [0%]; P ϭ 0.0001). Malignancies developed in groups exposed to SV40, with frequencies ranging from 0% to 83% (Table 1 ). The median latency period (time to tumor appearance) for animals inoculated with different virus isolates varied from 23 to 37 weeks, with individual tumors appearing from 15 to 52 weeks p.i.
Influence of the SV40 regulatory region and T-ag variable domain on tumor induction. The SV40 regulatory region controls viral transcription and replication (26) . Molecular analyses have established that natural isolates of SV40 may possess different regulatory region structures (26) . In vitro studies showed that an SV40 isolate with a complex regulatory region replicated better than a derivative with a single enhancer (29) . In addition, we showed previously that two SV40 strains with dissimilar regulatory regions and T-ag variable domains differed in their oncogenic potentials in vivo (50) . These findings provided the rationale for asking whether SV40 viruses with differences in the structures of the regulatory regions diverged in their tumor-inducing abilities in vivo (Table 1 and Fig. 1A) . The results showed that a significantly larger proportion of hamsters developed tumors p.i. with parental viruses containing simple regulatory regions (1E) than after exposure to parental viruses with complex or rearranged regulatory regions (2E) ( The variable domain at the extreme C terminus of the T-ag gene contains the highest proportion of variable sites in the SV40 genome, and phylogenetic analyses established that this region can be used for the identification of SV40 strains (18) . Embedded within the variable domain of T-ag is a functional domain, defined as the host range/adenovirus helper function (hr/hf) domain (12, 37) . Those observations plus our previous tumorigenicity studies prompted an examination of whether different T-ag-C sequences may influence viral oncogenicity. All the T-ag-C recombinant viruses tested were oncogenic, but no patterns emerged when tumor frequencies were compared (Fig. 1B) . A direct comparison of parental and recombinant viruses was complicated by the strong influence of viral regulatory region structures on tumor induction. Therefore, a limited comparison between the recombinant constructs with the SVCPC(1E) and the 776(2E) regulatory regions was performed (Table 2 ). This analysis showed that the T-ag-C domain exhibited only a modest influence on SV40 tumorigenicity in hamsters.
Transformation in vitro.
Transformation experiments using cultured mouse embryo fibroblasts were carried out with selected viruses to determine if the viral regulatory region effects exhibited in vivo were detectable under in vitro conditions. Parental viruses tested included those with high [Baylor(1E) and SVCPC] or intermediate [776(1E)] oncogenic potential and simple regulatory regions, those with low oncogenic potential and complex regulatory regions [Baylor(2E) and 776(2E)], and the nononcogenic isolate (SVPML). Several recombinant viruses with low oncogenic potential were also included (Fig. 2) . All the parental and recombinant viruses were able to transform mouse embryo fibroblasts in culture with similar transforming frequencies. By 6 weeks p.i., there was a twofold or less difference in the relative number of transformed foci produced by the isolates tested. All showed transforming frequencies of about 1 per 1,000 cells.
Viral analysis of hamster tumors. Based on the frequency of tumor induction observed in the hamsters, parental viruses and recombinant constructs were divided into tumor risk groups (high, intermediate, and low), and tumors (n ϭ 78) were molecularly analyzed to determine if virus-related properties of the tumors correlated with the category of inciting virus (Table  3 ). Viral loads were determined by a real-time quantitative PCR assay using the hamster vimentin gene to calculate cell equivalents. A broad range was observed in SV40 genome copies/cell (0. (15, 23) . The SV40 DNAs in hamster tumor specimens were examined to determine if spontaneous genetic changes occurred in the regulatory region in vivo during the course of the experiments. Seventy-three tumors, including 60 induced by viruses with a simple regulatory region, were tested by PCR; this was followed by DNA sequence analysis on 16 of the tumors (Table 3) . Four tumor samples yielded evidence of rearranged viral sequences; the others contained SV40 regulatory region sequences identical to those of the virus variant inoculated into the hamsters. Sequence analysis revealed the structure of each of the rearranged regulatory regions to be unique (Fig. 3) . In three of four tumors, the input viral genetic structure was detected, as was the rearranged sequence. In one tumor induced by 776(1E), the original viral sequence was not detected. The detection of rearrangements in four independent neoplasms out of 60 tumors induced by viruses with simple regulatory regions suggests a frequency of rearrangement of 6.7% under the experimental conditions described here.
One or two tumors from each virus group were analyzed for the viral T-ag C-terminal sequence, and the expected sequence was recovered in each case. This survey confirmed the identity of the virus strain inoculated into each group of animals. No sequence changes were detected, an observation that is compatible with previous indications that a T-ag variable domain sequence is genetically stable (15, 18, 23, 24) .
Recovery of infectious SV40 from hamster tumor cell lines. Cell lines were established in tissue culture from primary hamster tumors during the course of this study. Attempts to recover infectious SV40 from the cell lines were made. Cell cultures were disrupted, and the cell lysates were either plaqued directly or passaged once in TC-7 cells before plaque assay. Infectious SV40 was recovered from 15 of 37 (40%) tumor cell lines (Table 4) . The viral load (SV40 genome copies per tumor cell) was similar for rescue-positive (median, 4.9) and rescue-negative (median, 6.2) cell lines. The median latency periods (time to tumor appearance) for the tumors from which cell lines were established were comparable for rescuepositive (median, 25 weeks) and rescue-negative (median, 30 weeks) cell lines. The frequencies of virus recovery were similar for cell lines from tumors induced by viruses with complex regulatory regions and with simple regulatory regions (5/9 [56%] versus 10/28 [36%]; P ϭ 0.44).
Viral serologic responses in hamsters. Serologic responses to SV40 proteins were determined for many of the hamsters (n ϭ 304). The majority of tumor-bearing hamsters produced antibodies to T-ag, irrespective of the responsible virus strain, as measured by an indirect immunofluorescence assay ( Table  5 ). The percentage of T-antibody positivity approached 100% for tumor-bearing animals inoculated with viruses that had either simple or complex regulatory regions. Many of the virusinoculated, non-tumor-bearing hamsters also developed T antibodies. The percentage of positive responders among tumorfree hamsters was higher for those inoculated with viruses with complex regulatory regions than for those exposed to viruses with simple enhancers (99/136 [73%] versus 35/86 [41%]; P ϭ 0.0001). SV40-neutralizing antibody responses were determined using a plaque reduction assay. With few exceptions, the tumor-bearing animals contained viral neutralizing antibody. In contrast, only about 60% of the non-tumor-bearing animals produced a detectable SV40-neutralizing antibody, regardless of the virus inoculum. Median titers for both T antibody and neutralizing antibody were generally higher in the tumor-bearing animals than in those without tumors. The uninoculated 
DISCUSSION
This report describes an extensive analysis of the pathogenesis of SV40-induced tumors in the Syrian golden hamster model. Natural viral strains from monkey kidneys, contaminated virus vaccines, and human malignant and nonmalignant specimens were examined. The results show that distinct SV40 strains differ in their oncogenic potentials in vivo. An influence of the viral regulatory region on tumorigenicity was demonstrated, with parental and recombinant viruses possessing a simple regulatory region being significantly more oncogenic than those with complex regulatory region structures. It appears, therefore, that the SV40 regulatory region may represent a biological determinant of pathogenesis of viral infection and/or disease.
In the murine polyomavirus (MuPyV) system, the viral enhancer region has been shown to influence the level of virus replication and organ specificity during acute infections in newborn mice (40) . The MuPyV B enhancer affected the level of persistent infection in mouse kidneys (41) but was not required for replication in several adult tissues (2) . These effects were interpreted as reflecting differentially expressed host transcription factors. In addition, a duplication in the viral regulatory region outside the enhancer was sufficient to drive the development of thymic tumors in mice (19) . However, mice are highly susceptible hosts for infection by MuPyV, so it is not clear whether observations from that system would be predictive for SV40 infections in hamsters.
It has not been established if SV40 undergoes limited replication in hamsters, although there is indirect evidence that SV40 may be able to replicate in the animals. Infectious SV40 was rescued from 40% of the tumor cell lines tested in this study. The tumors from which the cell lines were established had arisen 5 to 8 months p.i., so it is unlikely that residual input virus was resident in the tumors. These data confirmed decades-old reports of recovery of infectious SV40 from virusinduced hamster tumors (50) . Many of the virus-inoculated, non-tumor-bearing animals developed antibodies to T-ag that persisted until the termination of the experiment 1 year later. We speculate that the induction of detectable T antibodies in the absence of tumor formation is a reflection of virus replication in those animals. This study showed that not all animals responded to a given virus exposure in the same way, which is not surprising, as the animals were from an outbred population. A similar diversity of responses might be predicted following human infections due to differences in host responses.
Rearrangements in the simple regulatory region of inoculated SV40 strains were detected in four tumors in this study. The mechanisms responsible for rearrangements in the polyomavirus regulatory region are unknown. Whether viral DNA replication is a prerequisite for the occurrence of such rearrangements is unclear, but it has been proposed that recombination occurs between two newly synthesized daughter strands during replication (13, 55) . Studies of monkeys (15, 23) found variability in viral regulatory regions in peripheral blood mononuclear cells, so lymphoid cells may promote such rearrangements. As both parental and rearranged versions were found in three tumors reported here, perhaps DNA repair systems within tumor cells were involved. Viral rearrangements have been detected in SV40-infected monkeys immunocompromised due to infection with simian immunodeficiency virus (15, 23) , but the significance for natural infection processes is un- known. Particles of the JC and BK (BKV) polyomaviruses shed in the urine tend to contain archetypal regulatory region structures, whereas JCV brain isolates from patients with progressive multifocal leukoencephalopathy usually have complex enhancer structures (55) . Many rearrangements have been found in BKV isolates but have not been linked to any BKV-associated disease to date (13, 35) . The differing oncogenic potentials of 1E and 2E variants of SV40 in hamsters were not reflected in differences in transforming activities in vitro. We conclude that the in vivo results must reflect some aspect of the host response to viral infection. One possible explanation is that differences in oncogenicity reflect dissimilar rates of viral replication. Studies of cell cultures have shown that SV40 and BK viruses with complex regulatory regions replicate faster and to higher titers than those with simple regulatory regions (29, 47) . One can speculate that a faster-replicating virus would be recognized and cleared more efficiently by the host's antiviral immune response than a slower-replicating virus. This explanation is supported by studies with MuPyV, which showed that faster-growing viral variants were associated with high viral replication in mouse kidneys and a strong immune response, whereas slowergrowing variants persisted with low-level viral replication and no notable host response (42) . Furthermore, evidence from the lymphocytic choriomeningitis virus model indicated that the speed of viral replication influenced virus persistence; a slower-replicating virus was more apt to evade immune surveillance and persist (3). We suggest that poorer clearance and more frequent residual persistent infection by SV40 variants with a simple regulatory region account for their higher frequency of subsequent tumor development.
Analysis of tumors produced by SV40 strains in different tumor risk groups did not reveal any characteristic differences. We speculate that if a virus of any given genetic type initiates a Sera were collected when tumor-bearing animals were sacrificed or when the experiments were terminated at 12 months after inoculation. b Indirect immunofluorescence was performed to detect antibodies against SV40 T-ag, and a specific plaque reduction assay was used to measure neutralizing antibodies against SV40.
c Titers are expressed as the reciprocal of the highest serum dilution that tested positive. Median titers given are for positive sera only. d Neutralizing antibodies were measured in only 3 and 19 tumor-free animals from the SVPML and 776-VA groups, respectively.
the transformation process and the altered cells escape host clearance, then the ensuing tumor development is similar. However, only one route of animal inoculation (i.p.) was used in this study. It is possible that with other routes of inoculation, different cell types would be exposed to virus, and some tissue specificity for tumor induction might be detected among viral strains. It was reported previously for MuPyV that different organs became persistently infected when mice were inoculated by different routes (intranasal versus i.p.) (17) . SV40 large T-ag is required for viral replication as well as for virus-induced cellular transformation. The experiments described here involving recombinant viruses containing T-ag-C regions from different SV40 isolates revealed only a modest effect of this region of the viral genome on viral oncogenicity in vivo. This finding is corroborative of previous studies that suggested that although the T-ag-C is essential for the viral life cycle (39), it is not required for transformation in vitro (49) .
Observations dating back several decades found SV40 to be associated with some human malignancies, but results among studies have been inconsistent, and the association remains under debate (9, 21, 38, 46) . However, for malignant mesotheliomas, combined data from in vitro and in vivo studies strongly support a causal role for SV40, probably as a cofactor with asbestos (6) . Discordances among some studies may reflect variations in technical aspects of the assays used for analyses (14) , but a more important consideration is the probable variation in the prevalences of SV40 infections in different geographic regions (51) . The recognition of SV40 genogroups (18) and differences in their biological properties (shown here) suggest that viral strain differences could also contribute to variable findings of SV40 associations with human cancers in different locales. Interestingly, an analysis of healthy Italian organ donors demonstrated SV40 sequence differences between individuals born before 1947 and those born after 1958 (36) .
In conclusion, we have shown that differences in biological properties among SV40 strains exist. We found a strong influence of the structure of the SV40 regulatory region on tumor induction in hamsters. These findings raise the possibility there may be other, yet-unrecognized biological differences among SV40 strains that affect the pathogenesis of infection and disease. An important implication of these findings is that the risk and outcome of SV40 infections in susceptible hosts, including humans, may depend on the viral strain causing an infection.
